Glucose is a key modulator of feeding behavior. By acting in peripheral tissues and in the central nervous system, it directly controls the secretion of hormones and neuropeptides and modulates the activity of the autonomic nervous system. GLUT2 is required for several glucoregulatory responses in the brain, including feeding behavior, and is localized in the hypothalamus and brainstem, which are the main centers that control this behavior. In the hypothalamus, GLUT2 has been detected in glial cells, known as tanycytes, which line the basal walls of the third ventricle (3V). This study aimed to clarify the role of GLUT2 expression in tanycytes in feeding behavior using 3V injections of an adenovirus encoding a shRNA against GLUT2 and the reporter EGFP (Ad-shGLUT2). Efficient in vivo GLUT2 knockdown in rat hypothalamic tissue was demonstrated by qPCR and Western blot analyses.
GLUT2 knockdown in rat hypothalamic tissue was demonstrated by qPCR and Western blot analyses.
Specificity of cell transduction in the hypothalamus and brainstem was evaluated by EGFPfluorescence and immunohistochemistry, which showed EGFP expression specifically in ependymal cells, including tanycytes. The altered mRNA levels of both orexigenic and anorexigenic neuropeptides suggested a loss of response to increased glucose in the 3V. Feeding behavior analysis in the fastingfeeding transition revealed that GLUT2-knockdown rats had increased food intake and body weight, suggesting an inhibitory effect on satiety. Taken together, suppression of GLUT2 expression in tanycytes disrupted the hypothalamic glucosensing mechanism, which altered the feeding behavior.
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| I N TR ODU C TI ON
GLUT2 is a member of the facilitated glucose transporter family (GLUT), which is encoded by the SLC2A gene family. Due to its kinetic properties and tissue localization, GLUT2 is involved in the glucosensing mechanism as it has a uniquely low affinity for glucose (Km 17 mM) and can also use mannose, galactose, and fructose as low affinity substrates for transport (Thorens, Guillam, Beermann, Burcelin, & Jaquet, 2000) . GLUT2 is the major glucose transporter present in hepatocytes, enterocytes, kidney epithelial cells, and cells of the hepatoportal vein (Thorens, 2015) . GLUT2 is also the major glucose transporter in pancreatic ß-cells, where its genetic inactivation impairs glucose uptake and suppresses glucose-stimulated insulin secretion.
GLUT2
2/2 mice die at around the weaning period, and transgenic expression of another glucose transporter, GLUT1, in b-cells (RIPGlut1; GLUT2 2/2 ) restores normal glucose-stimulated insulin biosynthesis (Bady et al., 2006; Guillam et al., 1997; Thorens et al., 2000) .
In the central nervous system, GLUT2 immunohistochemical studies are limited by its low level of expression (Arluison, Quignon, Nguyen, et al., 2004; Garcia et al., 2003; Maekawa et al., 2000) . How GLUT2 promoter, GLUT2-eYFP mice (Mounien et al., 2010) . GLUT2
was found in neurons and astrocytes dispersed in many structures, including the hypothalamus, the brain stem, the thalamic area (Arluison, Quignon, Labouebe, Boutrel, Tarussio, & Thorens, 2016) and in tanycytes (Garcia et al., 2003) . Tanycytes are radial glial-like cells surrounding the lateral walls of the infundibular recess (Recabal, Caprile, & Garcia-Robles, 2017) . Their apical poles contact the cerebrospinal fluid (CSF), and basal extensions project into the arcuate nucleus (AN) (Flament-Durand & Brion, 1985) .
Tanycytes are classified into four main groups on the basis of differences in their anatomical localization and gene expression: a1, a2 (Robins et al., 2013) , b1, and b2 (Elizondo-Vega et al., 2015; Langlet, Mullier, Bouret, Prevot, & Dehouck, 2013) . b2-tanycytes cover the floor of the 3V; in their apical face, they present tight junctions that form the CSFmedian eminence (ME) barrier and extend their projections inside the ME. Interestingly, these tight junctions and cellular contacts can change, depending on the metabolic state of the organism (Langlet et al., 2013) . Furthermore, GLUT2-positive a2-and b1-tanycytes are located in the lateral walls of the 3V and make contact with orexigenic AN neurons, which produce neuropeptide Y (NPY) and agouti-related protein (AGRP), and anorexigenic AN neurons, which produce proopiomelanocortin (POMC) and the cocaine-amphetamine-regulated transcript (CART), through their extensive processes (Broberger, Johansen, Johansson, Schalling, & Hokfelt, 1998; Elias et al., 1998; Kristensen et al., 1998) . Interestingly, GLUT2-eYFP mice showed the absence of labeling in POMC or NPY neurons (Mounien et al., 2010) ; however, these mice showed labeled nerve terminals, presumably from GLUT2-expressing cells, which have their soma outside the AN, suggesting an indirect control of AN neurons by glucose (Mounien et al., 2010; Thorens, 2005) . Recently, GLUT2 was also detected in neurons of the nucleus tractus solitarius (NTS), specifically in a hypoglycemia-activated neuronal population, which stimulates vagal activity and glucagon secretion, indicating a role for GLUT2 in the hypoglycemic condition (Lamy et al., 2014) .
Several studies support a role for GLUT2 in feeding behavior. Specifically, central administration of 2-deoxyglucose (2-DOG), a nonmetabolic substrate of GLUT, induced food intake and increased the expression of orexigenic neuropeptides in the AN (Miselis & Epstein, 1975) . Interestingly, ripglut1; GLUT2 2/2 mice exhibit increased food intake in the fasting-feeding transition and deregulated orexigenic and anorexigenic neuropeptide expression in response to intracerebroventricular (icv) glucose (Bady et al., 2006) . In contrast, icv injections of antisense constructs, designed to specifically to silence GLUT2 expression, reduced feeding and body weight gain in rats (Leloup, Orosco, Serradas, Nicolaidis, & Penicaud, 1998) . In mice with specific inactivation of GLUT2 in the central and peripheral nervous systems, no differences in body weight were observed, but progressive glucose intolerance developed (Tarussio et al., 2014) .
Although the expression of several proteins involved in the detection and response to glucose has been demonstrated in tanycytes (Cortes-Campos et al., 2011; Garcia et al., 2003; Millan et al., 2010) , there was no evidence of their involvement in the regulation of food intake. We used a molecular tool for in vivo GLUT2 knockdown in which were also EGFP-positive. Slides were analyzed using confocal laser microscopy (Zeiss LSM700). Tanycytes were grown in 6-well and 12-well plates in serum-free media and infected with serotype 5 adenovirus Ad-GLUT2-shRNA or Ad-bgal-shRNA at 5 3 10 6 ifu/ml. The virus-containing medium was replaced after 24 hr with MEM containing 15 mM glucose and 10% (v/v) FBS and incubated for a total of 48 hr at 378C and 5% CO 2 in a humidified atmosphere. mRNA and protein levels were quantified as described below. For detecting lost of function, uptake assays were performed at 5 min, at 378C in 0.5 ml of incubation buffer containing 20 mM 2-DOG and 10 mCi of 2-deoxy-
glucose (30.6 Ci/mmol; DuPont-NEN, Boston, MA, USA).
| Icv injections of ad-shGLUT2 and ad-shbgal
Rats were anesthetized with an intraperitoneal injection mix of ketamine-xilazine (90 mg/kg-10 mg/kg). Using a cannula (28 gauge), 20 lL of adenovirus (2 3 10 9 ifu/ml) was injected (2.5 mL/min) into the 3V using a stereotactic apparatus (AP 23.14 mm, ML 0.0 mm, DV 9.2 mm). Samples of the hypothalamus were collected after 48 hr for subsequent extraction of protein and RNA as well as immunohistochemistry (further described below). For feeding and neuropeptide analyses, stainless steel cannulas were stereotactically implanted in the 3V of rats and secured to the skull with dental acrylic. Rats were housed alone following surgery and allowed to recover for 5 days before adenovirus administration.
| Immunoblotting
Total protein extracts were obtained from primary tanycyte cultures and rat hypothalamic samples. Samples were homogenized in buffer A (0.3 mM sucrose, 3 mM DTT, 1 mM EDTA, 100 mg/ml PMSF, 2 mg/ml pepstatin A, 2 mg/ml leucopeptin, and 2 mg/ml aprotinin), sonicated three times on ice at 60 Hz for 10 s (Sonics & Material INC, VCF1, Newtown, CT, USA), and separated by centrifugation at 8,000g for 10 min. Proteins were resolved by SDS-PAGE (50 mg/lane) in a 12% (w/v) polyacrylamide gel, transferred to PVDF membranes (0.45 mm pore, Amersham Pharmacia Biotech., Piscataway, NJ, USA), and probed for 16 hr at 48C with rabbit anti-GLUT2 (1:1,000; Alpha Diagnostic, San Antonio, TX, USA), anti-GLUT1 (1:1,000; Alomone Labs, Jerusalem, Israel), anti-glucokinase (GK; 1:2,000; Santa Cruz Biotechnology, Santa Cruz, CA, USA), and antib-actin (1:10,000; Santa Cruz). After extensive washing, PVDF membranes were incubated for 2 hr with peroxidase-labeled anti-rabbit IgG
(1:7,000; Jackson ImmunoResearch, West Grove, PA, USA). The reaction was developed using the enhanced chemiluminescence (ECL) Western blot analysis system (Amersham Biosciences, Pittsburgh, PA, USA).
Images shown are representative of at least three analyses performed on samples from at least three separate experiments. b-actin expression levels were used as a loading control for densitometric analysis.
| Quantitative reverse transcription-polymerase chain reaction (qRT-PCR)
The brain of each rat was removed, and hypothalamic areas ware isolated and further dissected. Total RNA from the hypothalamic samples was isolated using TRIzol ( 
| Immunocytochemistry
Animals were injected with the adenovirus as described above, and Laboratories) labeled secondary antibodies. These samples were then counterstained with the DNA stain, HOECHST (1:1,000; Invitrogen). The slides were analyzed using confocal-spectral laser microscopy (LSM 780 NLO, Zeiss).
| Food intake monitoring
Prior to adenovirus injection, rats were handled daily for one week to become acclimated to the researchers and experimental procedures.
After adenovirus injection, rats were subjected to 24-h fasting followed by a 24-h refeeding period. This cycle includes removal of the rat from the cage to measure their food intake and body weight. Food intake was monitored by providing preweighed food over a defined time interval.
Food intake was expressed as the amount (in grams) consumed in 24 hr (g/24 hr). Every interaction with the feeder was recorded by a computerized data acquisition system (VitalView, Respironics, Inc, Murraysville, PA, USA), which individually registers the number of times each rat interacted with the feeder and the amount of time that they remained in the trough. A Meal Event (ME) was defined as one or more episodes longer than 5 sec and no longer than 15 min, followed by a meal interval (MI).
The minimum MI was defined as 10 min, as previously described (Elizondo-Vega et al., 2016) . When feeding episodes were longer than 30 min, they were considered a new meal. The meal pattern parameters were calculated as follows: meal events (number), meal interval (min), mean meal size (mg/meal), mean meal duration (min/meal), and eating rate (mg/min). The meal intervals were calculated as a period between the end of one meal and the initiation of the next. Meal events were defined as the total meals in 24 hr. The mean meal size was determined as the total food intake (g) divided by frequency.
The mean meal duration was calculated by dividing the total meal duration (min) by total meal events, and the eating rate was estimated by dividing total food intake (g) by total meal duration (min).
| Statistical analyses
For evaluating qRT-PCR assays, differences between two groups were assessed using the Student t-test. Differences between groups in feeding behavior assays were assessed using ANOVA. The statistical analyses were performed using GraphPad Prism 5.0 Software (GraphPad Software Inc., San Diego, CA, USA). Results were expressed as mean 6 standard deviation (SD).
| RE S U L TS

| Generation of ad-shGLUT2 and its evaluation in vitro
To examine the role of GLUT2 on brain glucosensing, we used a targeted a knockdown approach using adenovirus constructs. To this extent, we generated two serotype 5 replication-deficient types of viral particles, Ad-shGLUT2 and Ad-shßgal, which were designed to inhibit the expression of GLUT2 and ß-galactosidase, respectively. In addition, both constructs contained a sequence for EGFP as a reporter gene (Supporting Information Figure S1A ). The expression of the EGFP reporter was used to examine the transduction capacity and effect on cell viability of each at 48, 72 and 96 hr (Supporting Information Figure   S1B Figure S1B , lane 2) indicated that GLUT2 levels were reduced by 60%. We also evaluated whether GK expression, which is also present in tanycytes (Millan et al., 2010) , was altered by GLUT2 inhibition. We detected no significant differences in protein levels between both animal groups, demonstrating the specificity of the GLUT2 shRNA (Supporting Information Figure S1K ). Similarly, GLUT1, which is also expressed in tanycytes (Garcia et al., 2001) , was not affected by GLUT2 inhibition. EGFP was detected at similar levels in rats transduced with both adenoviruses. The intensity of the bands was normalized to b-actin and expressed as a percentage of the ratio obtained with the control. Thus, only GLUT2 expression was significantly decreased following injection of the adenovirus carrying the shGLUT2-RNA, and no compensatory effects on GLUT1 or GK expression occurred under these conditions.
| In vivo ad-shGLUT2 transduction
To evaluate the efficiency of in vivo transduction, we performed qRT-PCR and Western blot analysis at 48 hr postinfection. We have previously demonstrated that it is possible to detect changes in dietary behavior at this time point (Uranga et al., 2017) . Rats were cannulated five days before the adenovirus injection into the 3V, and the hypothalamic tissues were collected after 48 hr, following the protocol shown in Figure 1a . As shown in Figure 1b , GLUT2 mRNA expression was reduced significantly by 75% compared with the control group.
We also evaluated whether the expression of glucokinase (GK) and another glucose transporter expressed by glial cells, GLUT1, were altered by Ad-shGLUT2 transduction. No significant differences in the
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| Adenoviral transduction specificity upon injection into the basal 3V
We have previously shown that 3V injection of an adenovirus with the same capsid transduces mainly tanycytes (Elizondo-Vega et al., 2016).
To corroborate that this also occurs with Ad-shGLUT2, we used spectral confocal microscopy to evaluate EGFP expression (green), the tanycyte marker, anti-vimentin (red), and the adult neuronal marker, NeuN Figure S2C -E), which could be explained by EGFP dilution in tanycytes (Supporting Information Figure S2A -E, arrows).
Because GLUT2 has been localized in the brainstem of adult mice, specifically in neurons that stimulate feeding of the NTS, we wondered whether the 3V injections could reach the NST and affect GLUT2 expression in this region. As shown in Figure 4a -c, the EGFP signal was detected at the 4V, but only in some ependymal cells.
Importantly, no signal was detected in NTS neurons (Figure 4d-f) .
Similarly, at the central channel (CC) level, the EGFP signal was detected only in some ependymal cells (Figure 4g-i ), but not in NTS neurons (Figure 4k-l) . Taken together, our results show that GLUT2 inhibition impairs both orexigenic and anorexigenic neuropeptide responsiveness to increased glycorrhachia, possibly resulting in hunger/satiety signal dysregulation.
| GLUT2 expression by tanycytes is necessary for food intake control
To evaluate the impact of GLUT2 inhibition on eating behavior, we measured food intake and body weight (Figure 6a ). GLUT2 inhibition resulted in a significant increase in food intake compared with control rats (Figure 6b ). In addition, body weight was increased in AdshGLUT2-injected rats compared with animals injected with Ad-shbgal ( Figure 6c ). Total meal events, defined as the number of times that a feeding event occurs over 24 hr, was significantly larger in GLUT2-knockdown rats compared with the control group (Figure 6d ).
To further explore whether these results are related to altered satiety, we analyzed the duration of meal intervals and duration of first meal. The number of inter-meal intervals increased (data not shown), and the duration of inter-meal intervals decreased in the Adsh-GLUT2 group compared with the control group (Figure 7a) . A more detailed analysis revealed that during the first 12 hr, GLUT2-knockdown rats showed significant differences than observed for the control; however, these differences were lost in the following 12 hr (Figure 7b ). These results are in agreement with the observed increase in meal events (Figure 6c ). Moreover, GLUT2-knockdown rats showed a minor latency in the first meal ( Figure 7c ) and a significantly increased duration of the first meal (Figure 7d ), indicating that GLUT2-knockdown rats were hungrier than control animals and needed more time to reach satiation.
Because animals injected with Adsh-GLUT2 showed a decrease in the duration of inter-meal intervals our results suggest that GLUT2 inhibition impairs the mechanisms that cause satiety. In contrast, they take longer to achieve satiation, which correlates with the observed increase in body weight.
We also calculated other parameters of feeding behavior, including eating rate, meal duration, and meal size, as mean values for the whole cycle without making a distinction between phases (Figure 8a-c) . Analysis of the mean meal duration did not show significant differences (Figure 8a ). The average meal size, estimated as the total amount of food consumed in the number of total events, showed that AdshGLUT2 rats consumed a significantly greater average meal size (Figure 8b) . Similarly, the eating rate, estimated as the total amount of food consumed in total meal duration, showed that Ad-shGLUT2 rats had a higher eating rate (Figure 8c ), which correlated with the highly significant increase in food intake (Figure 7b ).
| D ISC USSION
Here, we show that GLUT2 inhibition in tanycytes disrupted the hypothalamic glucosensing mechanism that controls feeding behavior. 
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Inhibition of GLUT2 expression resulted in increased food intake and a gain in body weight in rats. Our results are in agreement with a previous report using a GLUT2 knockout mouse model, where daily food intake was significantly increased (Bady et al., 2006) . Importantly, our results indicate that tanycyte expression of GLUT2 has a role in food intake regulation.
The adenovirus construct we used was very efficient in reducing the mRNA and protein expression of GLUT2 in tanycyte cultures and in the hypothalamus in vivo without inducing compensatory effects in the expression of GK or GLUT1, which are also present in tanycytes.
Previously, we have characterized GLUT2 kinetic properties by evaluating glucose transport in tanycytes, showing GLUT1 and GLUT2 contributions. At 20 mM glucose, the relative contribution in transport was 30% and 70% for both transporters, respectively (Garcia et al., 2003) .
Here, tanycyte cultures transduced with AdshGlut2 showed a significant reduction of the incorporation of glucose, indicating loss of function. Our feeding behavior results support the view that the adenovirus carrying shGLUT2 exerts an effective inhibition in vivo, and Western blot analysis confirmed that the protein was significantly reduced.
Unfortunately, we were not able to evaluate intracellular GLUT2 expression by immunohistochemistry; therefore, it is not known whether possible changes in GLUT2 localization mediated by the transduction contributed to the loss of function. Our present results and previous findings (Elizondo-Vega et al., 2016) Previously, it has been shown that tanycytes respond rapidly (minor to 2 min) to glucose by generating calcium waves that in vitro we shown are partly dependent on the glucose transporter, GLUT2
and depending of glycolysis and not by oxidative phosphorylation,
showing the these cells have a high glycolytic activity (Benford et al., 2017; Frayling, Britton, & Dale, 2011; Orellana et al., 2012) . The signals that originate by increased glucose can mediate cellular responses that could control the activity of orexigenic and anorexigenic neurons. It has been proposed that metabolic coupling between glia and hypothalamic neurons is carried out by lactate (Ainscow, Mirshamsi, Tang, Ashford, & Rutter, 2002; Thorens, 2012) . For this reason and taking into account that tanycytes release lactate (Cortes-Campos et al., 2011) , we proposed that the lactate released by tanycytes in response to glucose is transferred to POMC neurons producing an increase in intracellular ATP, in a mechanism that is similar to that reported for pancreatic b-cells (Meda & Schuit, 2013) . In this mechanism, the increase in ATP induces the closure of K ATP channels and subsequent membrane depolarization opening of voltage-dependent calcium channels and release of aMSH, derived from the POMC to produce satiety. The partial inhibition of GLUT2 in tanycytes would result in lower glucose uptake, reduced lactate genesis, and interrupted POMC neuronal activity, with a subsequent decrease in intervals between meals, reflecting a decrease in satiety, which could explain the increased food intake and body weight in GLUT knockdown animals ( Figure 9 ).
Interestingly, a transgenic line that lack GLUT2 (RIPGlut1;GLUT2 2/2 ) shows increased daily food intake with abnormal feeding initiation and termination following a fasting period (Bady et al., 2006) . Likewise, inhibiting GLUT2 expression resulted in a similar pattern of response in neuropeptide expression and food intake; however, the rats also showed an increase in body weight. This discrepancy could be due to differences in the species used in these experiments. Also, in our experiments, the reduction in GLUT2 expression was limited to ependymal cells and tanycytes, while in the transgenic line, expression was also affected in neurons sensitive to hypoglycemia located in the brainstem (Tarussio et al., 2014) or neurons in the thalamus involved in carbohydrate preference (Labouebe et al., 2016) . We also showed that suppression of GLUT2 expression in tanycytes leads to the loss in response to increased icv glu- hormones, such as leptin (Balland & Prevot, 2014) and ghrelin (Collden et al., 2015) , from peripheral tissues to neurons of the AN. This is because tanycytes link the ventricular and vascular compartments, forming a blood/CSF interface in the tubal region of the hypothalamus (Langlet et al., 2013) . b2-tanycytes have long processes that extend to the perivascular space of the capillary network of the ME to reach the Latency to the first meal in at 24 hr after feeding in rats transduced with Adshbgal (white bars) or Ad-shGLUT2 (black bars) (d) Duration of the first meal at 24 hr after feeding in rats transduced with Ad-shbgal (white bars) or Ad-shGLUT2 (black bars). Statistical analyses were performed using nonparametric t-tests. * p < .05; ** p < .01
FIG URE 8 GLUT2 knockdown rats feed more rapidly than control rats. (a) Mean duration of meal events (min/number of events) over 24 hr after feeding in rats transduced with Ad-shßgal (white bars) or Ad-shGLUT2 (black bars). (b) Mean meal size (g/number of events) over 24 hr after feeding in rats transduced with the Ad-shßgal (white bars) or Ad-shGLUT2 (black bars). (c) Eating rate (g/min) over 24 hr after feeding in rats transduced with the Ad-shbgal (white bars) or Ad-shGLUT2 (black bars). Statistical analyses were performed using nonparametric t-tests. * p < .005; ** p < .001 fenestrated capillary network. Thus, it is feasible to propose that b2-tanycytes concentrate glucose in the CSF of the infundibular recess in order to be transferred to b1-and a-tanycytes, the populations the responsible for communicating glucose concentration to neuroendocrine AN neurons. Although it is known that the concentration of glucose in CSF increases proportionally to the blood (Steffens, Scheurink, Luiten, & Bohus, 1988) , the changes of glucose concentration in the CSF of the 3V changes during the feeding fasting transition is unknown. We have previously shown that hyperglycemia can be induced by ip injection of glucose in the CSF with an increase of up to 10 mM glucose occurring (Salgado et al., 2014) . These antecedents suggest that tanycytes are responsible for detecting changes in glucose concentration from the CSF and generating a signal that allows the generation of a response by the adjacent neuron, forming a circuit that involves both cell types in a coupled manner. On the other hand increased lipid droplet content in tanycytes has been observed after a prolonged high fat diet (Hofmann et al., 2017) , which is in agreement with a role of tanycytes in hypothalamic lipid sensing (Levin, Magnan, Dunn-Meynell, & Le Foll, 2011) . Thus, due to their localization in the hypothalamus, tanycytes are in a privileged position to detect hormonal, nutritional and mitogenic signals released by peripheral organs or present in the CSF. Recent studies reveal that in response to nutritional signals, tanycytes are capable of differentiating into anorexigenic neurons (Gouaze et al., 2013; Recabal et al., 2017) , which strongly supports the notion that these cells are involved in the control of feeding behavior.
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